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ABSTRACT

Flip-chip plastic ball grid array (FC-PBGA) packages are
widely used in high performance components. However, its die
back is normally under tensile stress at low temperatures. This
paper presents a probabilistic mechanics approach to predict
the die failure rate in the FC-PBGA qualification process. The
methodology consists of three parts: i) die strength test using
four-point bending (4PB) method; ii) the radius of curvature
(ROC) measurement of the assembled FC-PBGA at room tem-
perature; iii) Finite element method (FEM) stress analysis. In
the first part, a specially modified 3-parameter Weibull function
is used to fit the 4PB die strength data. The three parameters
of the Weibull distribution are used as the sole descriptionof
the cracking characteristics for a specific die process in the late
analysis. In the second part, the measured ROC of FC-PBGA
at room temperature is used as a calibration input to determine
the effective stress-free temperature of the FC-PBGA. It isused
to overcome the difficulty caused by process-induced residual
stress and unknown material properties, e.g., viscoelasticity the
underfill and plastic substrate that are normally unavailable.
This effective stress-free temperature can be used in the stress
analysis in the third part of the mentioned methodology. In the
third part, FEM is used to calculate the die stress distribution
under most critical stage of certain qualification process.The
calculated stress distribution is combined with the Weibull
distribution parameters of die strength test to predict thedie
failure percentage.

KEY WORDS: Die cracking, Weibull, 4-point bend, proba-
bilistic mechanics, finite element method.

NOMENCLATURE

4PB: four point bending
FC: flip-chip
FC-PBGA: flip chip plastic ball grid array
C4: Controlled Collapse Chip Connection, also

referred as solder bumps
C5: Controlled Collapse Chip Carrier Connec-

tion, also referred as solder balls or spheres
CTE: coefficient of thermal expansion
FEM: finite element method
CDF: cumulative distribution function
ANSYS: a general purpose finite element method soft-

ware which is commercially available

INTRODUCTION

Flip-chip packages have excellent electric performance and
high I/O density. Flip-chip plastic ball grid array (FC-PBGA)
packages have better board level solder joint reliability,better
electric performance and lower cost than their ceramic counter
part flip-chip ceramic ball grid array packages. However,
in FC-PBGA packages, silicon die is attached on a plastic
laminate substrate by solder bump joints. Underfill material is
usually filled in the gap between the die and the substrate
to protect the solder joints for better reliability. After the
underfilling process, the die and substrate are rigidly bonded
and no interface delaminations and separations should be
present. A silicon die, with a coefficient of thermal expansion
(CTE) of 2.6 ppm/◦C, and a plastic laminate substrate, with
a CTE from 15 to 25 ppm/◦C, are rigidly bonded by a thin
layer of underfill material. As a result of the CTE mismatch,
significant thermal stress occurs in the die and the substrate
during thermal cycling. In the component level reliabilitytest,
this thermal stress is the major cause of many failure modes
including die cracking.

In order to avoid die cracking, there are several measures can
be taken. One is to reduce the tensile stress on the back of the
die by proper package design. For example, a metal lid can be
added on top of the die back using a layer of adhesive [1]. This
may reduce the bending of die and even put the die in compres-
sive stress, which reduces die cracking risk. Adding a lid to
the FC-PBGA, adds cost to the device and also introduces two
more interfaces which may add delamination risk. Moreover,
cost reduction consideration is always a major driving force
for other remedies. In fact, process-related improvementsare
also effective to achieve a lower die stress, such as grinding
the die to change the thickness ratio of die and substrate [2].
The other aspect of avoiding die cracking from process related
aspect is to maintain the silicon die at a high strength. The
theoretical strength of the die is about the order of the silicon
shear modulus [3] [4], which is in the order of 100,000 MPa.
The actual strength of the die falls down to hundreds of MPa.
This is commonly attributed to the existence of surface flaws.
Surface flaws create stress concentrations near the die surface
when it is under tension. The difference of the die strength
between ideal value and the actual values suggests that there is
a lot of room for process control to increase actual die strength.

Silicon is normally brittle at the temperature interested.The
stress at the stress concentration points caused by defectscan
easily exceed the theoretical strength and therefore breakthe



die while the nominal stress is around a couple of hundreds
of MPa. Surface scratches and edge chipping is sometimes
inevitable for specific processes and therefore die cracking is
one of the major concerns in flip-chip package development.

To evaluate a certain process of die preparation and ensure
that it is proper for flip-chip package, the die strength measure-
ment is required. The die strength testing is usually conducted
on bending test, such as the 4-point bending (4PB) test [5].
A recent work provides a methodology of failure prediction
using the 4PB-tested die strength and the finite element method
(FEM)-calculated die stress distribution [6]. This paper is going
to use the aforementioned methodology on FC-PBGA and
study how the dicing process control affects the die cracking
risk.

THEORY

As discussed in Reference [6], following the essence Weibull
presented in his hallmark paper [7], we propose the following
Weibull cumulative density function (CDF) for die strength
measurement data:
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Whereσ0 is the cut-off stress which needs to be determined by
the data fitting;σf is the unit area strength of the die;σnom is
the nominal strength of the die, usually the measured maximum
stress at which the die fails;Pf is the failure probability of the
die; m is the Weibull modulus;A is the die surface area under
tension;a is the unit surface area (1 mm2 is chosen here);
σ1, σ2, and σ3 are three principal stresses;Γ is the gamma
function; andH(σ) is the step function, which is defined to
account for the fact that compressive stress normally does not
contribute to die cracking:

H(σ) =

{

1, if σ > 0
0, if σ < 0

(3)

The three parametersσf , σ0 andm are unknown and need to
be determined from the experimental data by data-fitting.

The basic assumptions we have made in Equation (1) are
the following: (i) The material is isotropic and statistically
homogenous which means the probability of finding a flaw
with a given severity in a given surface is uniform throughout
the surface of the die. (ii) Once the crack has initiate, it will
propagate without further increase in load, resulting in fracture.
(iii) The contribution a flaw makes to the failure probability of
a loaded die is independent of the position of the flaw on the
die surface. (iv) The three principal stresses acting at a general
point contribute independently to the failure probability[6] [8].
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Fig. 1. Schematic of 4-point bend die strength test.

The real advantage of using Equations (1) and (2), is that
they can relate the tested die strength to die failure rate for
die under complicated loading in packages. This includes the
following aspects: 1) the die top in the 4PB test is under
uniaxial tensile stress and the die in FC-PBGA is under multi-
axial stress; 2) the 4PB only puts part of the die top under
tension and the die top in FC-PBGA package has almost100%
of its area under tension in most situations; 3) the die stress at
its side edges and the portions of the 4PB between the inner
span and outside span (i.e., theL1/2 portions shown in Figure
1 ) also have contribution to the die fracturing probability
during test.

From 4-point bending test data, we can determine the three
parametersσf , σ0 andm. These three parameters are assumed
to be independent of the stress state and sample geometry.
Finite element method is often used to calculate the die
stress in FC-PBGA. The distribution of the three principal
stressesσ1, σ2 and σ3 can be calculated by FEM. Let’s
assume, for example,σnom = Max(σ1) and use Equation
(2) to calculated the stress-area integralS(A) for the die in
a specific package. Then, the die failure rate can be easily
obtained from Equation (1). In the above procedure, we have
used an essential postulation, which is that these three fitting
parameters (σf , σ0 and m) can fully characterize the die
breaking process both in the 4-point bending test and in the
flip-chip assembly and testing application. Therefore, it is fair
to say that these three parameters are equivalent to a set
of material property parameters to describe the die fracture
process in terms of probabilistic mechanics. The contribution
of the stress distribution and sample geometry are taken care
of by the stress-area integral Equation (2). The probabilistic
mechanics methodology we are presenting here has separated
the material aspect from the loading and geometry aspect of
the system. The material aspect is solely characterized by the
three fitting parameters of the Weibull function. The loading
and geometry aspect is taken into account by the stress-area
integral.

The stress-area integral Equation (2) seems complicated. It
actually can be evaluated analytically in the 4-point bend con-
figuration and reduced to an explicit closed-form expression.
In complicated stress states, such as in the FC-PBGA package
case, a numerical integration must be employed to calculate
the stress-area integral.

A schematic of the 4-point bending experiment is shown in



Figure 1. The die is under pure bending. The stress at the inner
loading span is uniform. The material strength theory givesthe
following simple relation [9],

σ =
3FL1

2bW 2
(4)

The strength of the die is calculated by Equation (4) when the
load is at the breaking point. The stress calculated by Equation
(4) is called the nominal stressσnom. The detailed tensile stress
distribution in a sample die under 4-point bending load is [10]:

σ(x, y, z) =
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(5)

The principal stress components for the 4-point bending config-
uration are simple. Only one component is non-vanishing and
the other two components are zero. Therefore, Equation (5) is
simply the principal stress expression, which isσ1. Plugging
Equation (5) in Equation (2), the stress-area integral can be
evaluated. Since the thickness of the die is usually thin and
the stress on the die side surfaces between the inner and outer
spans is less than nominal stress, the contribution of the fourth
line in Equation (5) can be neglected for simplicity purpose.
Therefore, the evaluated stress-area integral for 4PB testis
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It should be point out that in the evaluation of the stress-area
integral, the areaA is that under tensile stress. In order to be
consistent with Equation (2),A in Equation (1) should be also
the area under tension, which isA = (W +b)(L1+L2). Recall
that we have assumed the unit areaa = 1mm2, Equation (1)
becomes
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In Equation (7), the three parametersσf , σ0 and m are un-
known and need to be determined by the data-fitting procedure.
The 4-point bending die strength measurement can provide
data points ofσnom andPf . The parametersL1, L2 andW are
defined by the experimental apparatus and samples. Therefore,
Equation (7) provides the form of the fitting function to
determine the quantitiesσf , σ0 and m, which may be used
to describe the fracture behaviors of the sample dies. The data
fitting procedure is described in Reference [6].

As long as the three Weibull parameters are determined
by curve-fitting the 4-point bend strength data, these three
parameters together with Equations (1) and (2), can be used to
calculate the die cracking rate in FC-PBGA with similar dies
under the same dicing condition.

 

HDI Build-up

Test Nest

BT Core 

Die

UF HDI Build-up

Test Nest

BT Core 

Die

UF

Fig. 2. FEM mesh of an FC-PBGA with test nest. Contact
and target elements are used between the nest and the substrate,
which are not shown in the figure.

The stress distribution on the surface of the die in an FC-
PBGA can be calculated by finite element method (FEM). In
the FEM stress calculation, the thermal loading condition is
fairly hard to justify. Most of the time, the underfill glass
transition temperature, or sometimes the curing temperature
is chosen as stress free temperature. Due to some incomplete
information about the package such as the unavailable UF and
substrate viscoelasticity properties and other issues like UF
curing induced strain, the aforementioned stress free tempera-
ture criteria are somewhat arbitrary. In order to calculatethe
accurate die stress in the most critical condition during the
product qualification process, we used experiment to assistthe
FEM calculation. This assistance is realized by measuring the
radius of curvature (ROC) of the package at room temperature.
FEM is used to calculate a stress-free temperature calibration
curve, which is consisted of assumed stress-free temperature as
the horizontal axis and corresponding curvature as the vertical
axis. The measured ROC is used as a calibration input, together
with the FEM calculated calibration curve, to determine the
effective stress-free temperature. This determined effective
stress temperature can be used for further FEM calculations
to obtain the die stress at low temperature during reliability
test or in other severe conditions.

APPLICATION

A practical example is presented here using the methodology
described in the previous section. A flip-chip PBGA is elec-
trically tested at−40◦C. The cold electrical test is conducted
on an automatic test handler. This particular handler uses a
pushing nest with a hole in the middle. The nest makes contact
to the substrate and applies force to the substrate to make the
FC-PBGA’s C5 balls contacting to the pogo pin array in the
socket of the handler. To ensure reliable electric contactsof
hundreds of the pogo pins to the C5’s, a significant amount of
force is applied through the nest.

The FEM mesh considering one quarter of the package
and the nest is shown in Figure 2. The whole package can
be represented by applying the proper symmetry boundary
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Fig. 3. Stress-free temperature calibration curve. Four as-
sumed stress-free temperatures and their corresponding pack-
age curvatures are plotted. A linear regression line is also
plotted.

conditions. The top of nest is fixed. The pogo pin effect
is modeled by a uniform pressure exerting on the substrate
bottom from below since the springs in the pogo pins are soft.

A general purpose FEM software ANSYS [11] is used to
model the problem. C4 solder bumps are neglected since their
volume is much smaller than the UF and their plasticity and
creep make their contribution to die stress further negligible.
Previous study has shown that the C5’s contribution to die
stress also can be neglected due to plasticity and creep [12].
8-node solid elements are used. The nest and the substrate
are modeled as a contact pair. 4-node surface-to-surface de-
formable contact elements and target elements are used to
model the contact behavior. Friction between the nest and the
substrate is also considered.

In order to count in the viscoelastic effect of the UF and
the substrate in addition to other unknown factors, the stress
free temperature calibration curve is calculated first. In this
calculation, only the thermal load is applied, and the test
nest is not considered. The final temperature is set to be the
room temperature (20◦C). Several assumed initial or stress-free
temperatures are used to calculate the corresponding package
curvature at room temperatures. Figure 3 is the results witha
linear regression curve.

The package curvature at room temperature is measured by
a laser profilometer. The average curvature of the FC-PBGA
is 1.081 (1/m) over 30 samples. Using the calibration curve in
Figure 3, the effective stress-free temperature can be readily
determined and found to be 121◦C.

The stress of the FC-PBGA package at−40◦C is calculated
by FEM. The stress-free temperature121◦C is used as an input
for the thermal load. The mechanical contact effect between
the test nest and the substrate is also considered in this step.
Figure 4 shows the three principal stress components on the
surface of the die. The die top is nearly under biaxial stress,
which is manifested by the similar distributions of the first

 σ1σ1

σ2σ2

σ3σ3

Fig. 4. The three principal stress components on die surface.
The stress distribution is calculated at -40 ˚ C cold test, which
includes the mechanical load caused by test nest and pogo
pins. The stress unit is in MPa.

(σ1) and second (σ2) principal stress components. The third
(σ3) principal stress is near zero on the die top. The slight
difference ofσ1 andσ2 is due to the rectangular shape of the
die.

The contact pressure distribution on the test nest is plotted in
Figure 5. It is evident that the pressure between the nest andthe
substrate is not uniform. The pressure is higher near the inner
edge of the nest. This can be understood by considering that
the pogo pin array is fully populated underneath the bottom
of the substrate and the nest only pushes on the substrate on
the peripheral. The force balance requires that the total forces
from the pogo pin array and the nest must equal. The force



 

Fig. 5. The contact pressure at the contact surface of the.
High pressure near the inside edge indicates the nest flexures
substrate during the cold test. The pressure unit is in MPa.

0.001

0.01

0.1

1

0 100 200 300 400 500 600
4-Pt Bend Die Stress (MPa)

Cu
m

ul
at

iv
e 

Fa
ilu

re
 R

at
e

Experiment
2-parameter fit
3-parameter fit

Fig. 6. Die strength tested by 4-point bend in a well-controlled
process (Process A). The nominal die stress is the stress at
which the die breaks. The dots are experimental data points.
The solid line is a curve fitting of the experimental data using
Equations (7). The dashed line is a curve fitting using Equation
(8)

distribution makes the package experience a flexure moment.
In addition to the warpage generated by the thermal mismatch,
the nest is pushing on a convex surface. This makes the contact
pressure distribution intuitively understandable.

The FEM-predicted die stress can be used to predict the
die failure rate. It was found that the die strength is strongly
dependent on the process, especially the dicing control. In
order to illustrate this point, let’s consider two batches of
die for the same package. The first batch is produced by a
well-controlled process (Process A) and the second is by an
uncontrolled process (Process B). 4-point bend die strength
data and Weibull fitting curves are given in Figures 6 and 7.

In Figures 6 and 7, the test data are fitted by two schemes.
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Fig. 7. Die strength tested by 4-point bend in an un-controlled
process (Process B). The nominal die stress is the stress at
which the die breaks. The dots are experimental data points.
The solid line is a curve fitting of the experimental data using
Equations (7) and (8). The best fit turns out thatσ0 = 0 for
the 3-parameter fitting function. Two parameters are sufficient
to characterized the die strength of this process.

One is by Equations (7), which consider the multiaxial effect
of the stress and three parameters. The other scheme uses the
traditional 2-parameter Weibull function Equation (8):

Pf = 1 − Exp

[
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)m]

(8)

The curve fitting procedure is a least-square best fitting, which
is detailed in Reference [6]. In Figure 6, the 2-parameter fitting
and 3-parameter fitting are significantly different in the low
stress end. The 2-parameter fitting (dashed line) over predicts
the failure rate comparing to the 3-parameter fitting (solidline).
However, in Figure 7, we started with the 3-parameter fitting,
and the least square fitting procedure turned out to have a
best fit with a zero cut-off stress,σ0 = 0. The 2-parameter
and 3-parameter fitting procedures produced the same fitting
curve, which is shown as the solid line in Figure 7. The fitting
parameters are listed in Table 1. It should be noticed that,
although Equations (7) and (8) produce the same fitting curve
in Figure 7, the fitting parameters are different and they are
shown in Table I. The predicted failure probabilities will later
be proved to be different for zero cut-off stress as shown in
Table II.

Once we have the stress distribution of the die surface and
the die strength Weibull distribution parametersσf , σ0 and
m, the stress area integral Equation (2) can be calculated and
hence the die failure probability through Equation (1) can be
determined. If we take a closer look of Equations (1) and (2),
the nominal stressσnom actually does not contribute to failure
probability. It is more convenient to re-write Equations (1) and
(2) as the following two equations:

Pf = 1 − Exp
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TABLE I
Fitting parameters of the die stress data of Process A and Process B. The stress-area integral Equations (10) and (11) for

3-parameter fitting is also listed in the table.

Process/ Fitting m σf (MPa) σ0 (MPa) s(A) (MPam
×mm2)

A/Eqs. (7, 9,10) 2.827 1086.9 112.9 2.201×104

A/Eqs. (7, 9, 11) forcingσ0= 0 4.257 996.2 0 2.122×1010

A/Eq. (8) 4.257 455.6 0 N/A
B/Eqs. (7, 9, 10) 2.364 1745.2 0 2.778×106

B/Eq. (8). 2.364 374.4 0 N/A

TABLE II
Die failure rate at−40◦C cold test for the two processes. Process A is a well-controlled process and Process B is an

uncontrolled process.

Process ID 3-para., Eqs.(7, 9, 10) Eqs.(7, 9, 11), forcing σ0 = 0 2-para., Eq. (8)
Process A 4.29×10−7 0.24% 0.54%
Process B 4.4% 4.4% 8.0%

and

s(A) =

∫

A

[(σ1 − σ0)H (σ1 − σ0)]
m

+ [(σ2 − σ0)H (σ2 − σ0)]
m

+ [(σ3 − σ0)H (σ3 − σ0)]
m dA (10)

The actual computation of the stress-area integral Equation
(10) was carried out in the postprocessing of the ANSYS
FEM result. The numerical integration routine is implemented
using ANSYS’s “ANSYS Parametric Design Language”. In
calculation ofs(A), contributions from all 6 surfaces of the
die are considered. The calculateds(A) is listed in Table 1
together with the Weibull parameters.

In Table I, for process A, two stress-area integrals are
tabulated. One is calculated by Equation (10) the other is
calculated the Equation (11), which corresponds to the fitting
parameters forcingσ0=0 during the fitting process. This helps
us to investigate the effect of stress contribution and multi-axial
stress without the 3-parameter effect.

s(A) =

∫

A

[σ1H (σ1)]
m

+ [σ2H (σ2)]
m

+ [σ3H (σ3)]
m dA

(11)
Die failure rates are tabulated in Table II. In the 2-parameter

fitting Equation (8), the nominal stress uses the maximum
value of the first principal stress on the die top, which is 130.86
MPa in the−40◦C cold test scenario. For the result of Table
II, three points are evident. The first is that the die strength
and hence the die failure rate are strongly process-dependent.
The second is that the traditional 2-parameter Weibull function
Equation (8) (without considering the multi-axial stress and
stress distribution) gives much pessimistic predictions.The
newly proposed 3-parameter Weibull function considering both
multi-axial stress effect and stress distribution produces much
realistic perdition. For example, in Process A, the die failure
rate is about of4.29 × 10−7according to the 3-parameter
Weibull fitting. This is better than a “6σ” process [13], which

corresponds to3.4×10−6 failure. For the same process, if the
2-parameter fitting is used, the failure rate is 0.54%, which
is not acceptable for volume production. The third important
point is that even with multiaxial stress and stress distribution
included, if only two parameters are considered, the failure
rate is still several orders over-predicted, which is shownin
the middle column of Table II for Process A.

Actually, for Process A, no die failure was found in the
−40◦C cold electric test for a sample size of about 2000. This
confirms that the process A is a robust process. At the same
time, it also validates that the 3-parameter Weibull function
considering multi-axial loading and stress distribution is more
realistic than the traditional 2-parameter Weibull function with-
out considering multi-axial stress effect and stress distribution.

CONCLUSIONS

A 3-parameter Weibull distribution cumulative density func-
tion form is devised for predicting the die failure rate in FC-
PBGAs. This special Weibull function CDF considers both
multi-axial stress and stress distribution. The distribution is
used to curve-fit the die strength data obtained from 4-point
bend test. The newly devised Weibull CDF is applied to
FC-PBGA die failure prediction. It provides more aggressive
and realistic die failure predictions than traditional Weibull
function, which does not consider the multi-axial stress and
stress distribution. The application example also shows that
dicing control contributes significantly to the die cracking rate
for FC-PBGA under harsh testing conditions. A robust FC-
PBGA die dicing process, which meets “6σ” quality control
requirement, is demonstrated.
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